There is a growing demand for silos with large diameters and volumes; hence, the stresses induced by the temperature differences between the inner and the outer surfaces of the concrete walls of the large silos become significant. Sunshine is the main source of the temperature differences; and it is necessary to investigate the influences of sunshine on large concrete silos and ensure their safety and durability. In this paper, the temperature distribution of a concrete silo exposed to the sunshine was measured on site. A finite element (FE) model was built to analyze the temperature distribution under the sunshine, and the FE model was validated by comparing the yielded temperature field with that obtained on site. Based on the temperature field yielded in the FE model, the internal forces of the silo were determined by performing a structural analysis. After that, the FE model was extended and used for a parametrical study, and the influences induced by the factors like meteorological parameters, dimension of silos, and reference temperature on the temperature effects of the silo were investigated. The simulation results showed that the temperature gradient exhibited significant nonlinearities along the wall thickness. The performance of a steady-state analytical method was evaluated, which is conventionally used for the design of silos. It was found that, for the silos with the thicknesses of more than 30 centimeters, the steady-state method overestimated the temperature effects. It is suggested here that nonlinear temperature gradients should be employed for considering the temperature effects of large silos.
Introduction
Large-diameter concrete silos are sensitive to environmental conditions, e.g., temperature stresses induced by sunshine and the high temperature stored material. The traditional steady-state analytical method is user-friendly and usually adopted to calculate for a conventional structural design. However, for an open-air concrete structure, its daily varying temperature field is quite complex while being exposed to a time-dependent thermal environment [1, 2] . With the demands for capacities of the silos, the diameters and wall thicknesses of silos become large and the temperature gradients between inner and outer surfaces of the silo walls are severe under solar radiation and high temperature stored material. The safety and reliability of silos, consequently, decreased by the temperature effects [3, 4] . Accurate determinations of the non-uniform temperature fields and internal forces of the silos are of great importance in the design and construction processes.
Previous studies on the non-uniform temperature field mainly focused on the temperature effects of bridges [5] [6] [7] [8] . Few studies were conducted to evaluate the steel silos under solar radiation [9, 10] . Regarding concrete silos, the pressure of stored material is always the first concern in the design [11] [12] [13] [14] [15] . Recently, the effects of temperature variations of the stored material on silos attracted the attention of scientists. However, most of the researches focused only on those silos of relatively with diameters of no more than 20 meters [16] [17] [18] . Jiang et al. [19] measured temperatures of a grain silo, and then they compared the results of the FE simulations with the measured temperature field. Kong et al. [20] calculated the internal force of silo under the seasonal temperature differences as well as the internal and external temperature difference with a steady-state calculation method. The results showed that the hoop force generated by the temperature difference of the silo was 6 ∼ 8 % of the maximum static pressure imposed by the stored material. More recently, based on the temperature field that measured 2 Mathematical Problems in Engineering experimentally, Lapko et al. [21, 22] investigated the hoop thermal stresses and bending moments in reinforced concrete silo battery subjected to grain pressure and thermal gradient with numerical FEM. Chen et al. [23] concluded that the hoop thermal stress caused by temperature difference was around 55 % of that imposed by the coal load. Lippold [24] pointed out that transient thermal stresses caused by the solar radiation increased the compression stressed due to posttensioning, with causes very high transverse tensile stresses in the outer wall. Furthermore, Chen et al. [25] performed an experimental study and 3D FE simulations on a reinforced concrete silo. The silo has a diameter of 136.5 meters and a height of 19.35 meters; the effects of sunshine temperature patterns, seasonal temperature patterns, and the drop of temperature were studied.
A traditional steady-state method is often used in the studies mentioned above. The method assumes a linear temperature gradient along the wall thickness in the determinations of the temperature effects of silos. To the best of the authors' knowledge, very few researches adopted transient method for investigating the temperature effects of largediameter concrete silos under sunshine. While under solar radiation, the temperature gradients along the wall thickness of silos are nonlinear. The performance of the traditional steady-state method, consequently, should be evaluated while being used for design large-scale silos.
In this paper, the temperature distribution of a largediameter silo under solar radiation was measured on site, and influences of the temperature difference on the silo were studied numerically. The non-uniform temperature effects are compared with results obtained with the traditional steady-state analysis method. Finally, main factors [26] of temperature effects are also determined, which provides references for the structural design of large-diameter concrete silos.
Thermodynamic Analysis Theory
. . External Boundary Condition. In a natural environment, three thermal conditions affect silos including the solar shortwave radiation, radiation from surroundings and the thermal convection. Thus, the thermal boundary condition for the outer surface of silos can be expressed by [27] 
where is the thermal conductivity [W/(m⋅K)]; Γ is the cross-sectional boundary; n is the outward normal vector;
s , c , and r denote the heat flux through into the inner surface by solar radiation, heat convection, and heat transfer, respectively [W/m 2 ]. Solar shortwave radiation is divided into three categories: a direct solar radiation, a scattered radiation, and a reflection radiation. Since normal vectors of silo surface and ground surface are parallel to each other, the total solar radiation heat flux s obtained in the outer surface of silo can be expressed by [8, 27] = [(cos + 0.5 sin ) ⋅ 0.9
where s is the absorption of solar radiation; is the solar incident angle on the vertical surface [ ∘ ]; is the solar altitude angle [ ∘ ]; e is the ground short-wave reflectivity; 0 is the solar radiation intensity at the upper limit of the earth's atmosphere [W/m 2 ]; u is an atmospheric turbidity factor; a is relative atmospheric pressure; m is an atmospheric optical mass corrected by air pressure.
According to Newton's Law of Cooling, the convective heat flux c between the surface and air can be calculated as [8, 27] 
where a is the air temperature [ ∘ C] and ℎ c is the convective heat transfer coefficient.
The heat flux of the radiative heat transfer r can be obtained as [8, 27] 
where s is Stefan-Boltzmann's constant; is the concrete surface emissivity; a is the atmospheric long wave radiation rate.
. . Internal Boundary Condition. The silo can be considered as a completely closed space when it is empty. Therefore, a surface comprehensive heat transfer coefficient is adopted for the convective heat and the radiative heat transfer. Thus, the boundary conditions are as follows [8] :
where h 2 is the surface comprehensive heat transfer coefficient; is the inside air temperature [ ∘ C]. The temperature field becomes complex for high temperature stored material when the silo is full. Therefore, simplifications are made for the thermal boundary conditions. A wall thickness of the storage unit first is established to simulate the interaction between the stored material and the wall. Further, the storage layer and the silo wall have a good contact, so the inner wall of the material stored layer can be considered as the first boundary condition [20] :
where n is the temperature of the stored material [ ∘ C].
Experimental Investigation of Temperature Field
. Figure 1(a) ). The on-site measurements were taken intermittently from October 2015 to March 2016. It is noteworthy that digital temperature sensors type DS18B20 were used to measure the temperature. During the measurements, a temperature data collector was adopted, and a time interval of one hour was selected.
References [27, 28] showed that the temperature variation along the height of concrete hollow structures such as circular hollow piers, chimneys, and large cable towers which are similar to the silo structure is within 1 ∘ C. The temperature distribution along the height of the silo can be approximately considered to be uniform. In this paper, the cross-section at the height of 7 m was selected for the measurements. The sensors were located at intervals of 45 ∘ along the perimeter of the silo wall (see Figure 1(b) ). Further, measured points 1∼ 8 were located on the outer surface of the silo wall, and the measured points 9 ∼ 15 were located on the inner surface. Furthermore, two loading cases were investigated based on the working conditions of the silo, where Case 1 is the case when the silo is empty, while Case 2 is the case when the silo is full.
. . Temperature Field Analysis in Case of Empty Silo. The measurements were taken before the silo was in use. 72 hours of continuous time (6: 00 on 14th October to 6: 00 on 17th October) were selected for a continuous measurement. Figure 2 shows the temperature variations of the silo wall against time in the east, south, west, and north directions, respectively. It can be seen clearly that the temperature is changing periodically day and night. The temperature of the outer surface of the wall is mainly affected by the air temperature and solar radiation. Because of the solar radiation, temperature differences between the outer surface at different azimuth angles are different at the same time and the maximum circumferential temperature difference in one day has reached 12.32 ∘ C. Due to the influence of the air temperature inside of the silo, temperatures at each measured point on the inner surface of the wall change insignificantly during the day. The measured air temperature in the silo is 2 ∘ C ∼ 3 ∘ C higher than that out of the silo. This finding is consistent with that in case of the chimney and circular hollow pier [27, 28] .
. . Temperature Field Analysis in Case of Full Silo.
A clinker was continuously cooled through a cooler before getting into the silo, and then it was covered by a new clinker during the production. Hence, it was difficult to record the real-time temperature of the clinker reserves. Instead, the temperature was recorded at about 7 m intervals in each stack till it being fully loaded. The measuring time was on 10th March and 11th March (Test 1), 18th March and 19th March (Test 2), and 25th March and 26th March (Test 3). Figure 3 shows the variation of the temperature against time. Four points were selected: point 3 and point 11 in the south and point 7 and point 15 in the north.
It can be seen from Figure 3 that measured points on the outer surface of concrete wall show similar variation trends of temperature with those of the Case 1, which indicates that the temperature of the outer surface is mainly affected by the external environment. On the contrast, the temperature of the inner surface is mainly affected by the temperature of clinker. The inner surface temperature in the Test 1 reaches 50 ∘ C ∼ 60 ∘ C when the clinker has just reached the measurement section. The temperature of the point 15 is lower than the temperature of the point 3 at 1:00 since the clinker is distributed nonuniformly in the silo and an incomplete contact takes place between the clinker and the inner surface of the wall. As the clinker fills in the silo continuously, the clinker filled in earlier is under pressure, and hence the contact between the clinker and the inner surface improves. This is why the temperature of point 15 increases at 3:00, and a significant fluctuation is presented here. The inner surface temperature changes rapidly in the early time -a significant drop of 27 ∘ C is presented on 11th March. With the passage of time, the inner surface temperature decreases slowly. After 10 days, the temperature at the test section drops only around 2 ∘ C in the 11th day. The temperature of the inner surface in Test 3 drops around 1 ∘ C in one day. Till then, the temperature of the test section reaches a steady state when the clinker is piled up in the silo.
. . Analysis of Temperature Difference. The temperature variation in structures includes two aspects: the overall temperature change and the inner temperature difference of the structure. [20, 25, 29] claimed that temperature differences between the outer and inner surfaces of the wall act a major role in the temperature effects of the silos. Therefore, the temperature difference between the outer and inner surfaces of the silo wall is discussed here. The temperature difference is defined as positive when the outer surface temperature is higher than the inner surface temperature, the temperature difference is negative otherwise. are minor, while those of the south wall and the west wall are large. The maximum negative temperature differences of each wall are the same; see the curves at 5: 00. The circumferential temperature difference is small and can be neglected at that moment. The temperature difference of each section is not obvious at 22: 00 ∼ 23: 00, and the temperature distribution of each section is uniform where the differences are between 0.13 ∘ C and 1.93 ∘ C. It can be seen from Figures 3 and 4(b) that negative temperature differences are large in Test 1, which reach -57.65 ∘ C when clinker reaches the test section. It is worth mentioning that there are no positive temperature differences. At the early stage, due to the large rate of the heat dissipation between the clinker and the external environment through the silo wall and the roof, the negative temperature difference decreases to around -33 ∘ C after 24 hours. With the passage of time, the temperature differences become stable in Test 2, and the variations are within 2 ∘ C. Test 3, measured on 25th March and 26th March, shows that the temperature differences at the same time of the day are within 1 ∘ C. It can be seen that when the silo is fully loaded, the temperature of clinker tends to be a constant in the test section and the maximum temperature differences on each azimuth wall change insignificantly. The occurrence time of the maximum temperature difference of each azimuth wall is basically the same with that of the Case 1.
Numerical Simulation of Silo Temperature Field
. . Model Establishment and Verification. Numerical simulations contained the analyses of non-uniform temperature distribution and temperature stresses by using a finite element program of ANSYS. As the first step of building the model, SOLID 90 element was used to determine the temperature field. This element is a 20-node thermal element with a single degree of freedom of temperature, at each node, which is capable of performing steady-state or transient thermal analyses. Compared with shell elements, SOLID 90 element is more accurate for temperature field analyses. Further, the temperature variations along the thickness of the silo wall can be presented by using SOLID 90. Furthermore, assumptions were made to build the model: (1) the building above top of silo and the wall of the bucket were neglected in the numerical model since their influences on the stresses of the silo were deemed minor and can be neglected; (2) a consolidation of the bottom of the silo wall was assumed in the numerical model; (3) temperature was not coupled with stress and deformation, which means the influences of deformations caused by temperature variations on the stresses of the silo were not considered. Finally, the FE model is shown in Figure 5 .
Material properties of the silo are shown in Table 1 . Concrete properties were obtained with experiments. As the clinker is the same as that in literature [30] , parameters of clinker were referred to [30] . The simulation results of Case 1 were compared with results measured on 16th October, 2015. The simulation results of Case 2 were compared with the measured data on 25th March, 2016. The time-dependent temperature of the non-uniform temperature field under solar radiation was achieved with FE models for the both cases. Besides, a comparative study between measured results and numerical simulations was conducted, and the results are shown in Figure 6 . It is observed that the maximum temperature difference between measured results and numerical simulations is 2 ∘ C, and the error of numerical simulation results is 8.70 %, while the minimum difference between them is 0.2 ∘ C. Numerical simulation results are in a good agreement with the measured results; consequently, the numerical model was further used for determining the temperature effects of the silo.
. . Temperature Filed Analysis. Case 3 was defined here as the empty silo on 25th March, 2016. The temperature of the silo under Case 2 was determined and compared with that of the silo under Case 3. This was to present differences of the temperature fields in case of the empty silo and the full silo at the same day. Table 2 shows temperature differences of silo walls in four directions at different times. The maximum positive temperature difference occurred at 16: 00. At that moment, due to the influences of the clinker temperature, the maximum positive temperature difference of Case 2 is lower than that of Case 3 by around 6.28 ∘ C. The maximum negative temperature difference of Case 3 is about 7.18 ∘ C higher than that of Case 2. It is worth noting that the maximum negative temperature difference occurs in case of the full silo, and the maximum positive temperature difference happens in case of the empty silo.
The temperature distribution along the wall thickness is shown in Figure 7 . It is seen that temperature variations along the wall thickness exhibit significant nonlinearities. Further, influences of the air temperature and periodic change of solar radiation on the temperature field of the silo are significant only within the thickness of 50 cm from the outer surface to the inner surface of the silo wall. Furthermore, times of the occurrence of the maximum negative temperature differences at different directions are close, magnitudes of these temperature differences are the same, and the temperature variation trends along the wall thickness at different directions are similar, showing significant nonlinearities. Hence, it can be considered that the temperature gradients are approximately axisymmetric at this time.
Temperature Effect of Silo under Solar Radiation
. . Analysis of Temperature Effect. Based on temperature fields of Case 2 and Case 3, temperature stresses of silo were obtained by performing structural analyses, and a SOLID 90 element was replaced by SOLID 95 element in the numerical model. The SOLID 95 element only indicates stresses as outputs. In shell structures, however, the resultant force per unit height and combined the torque is always used instead of simply adopting the stress. Therefore, another program was developed to transform stresses in the solid element to internal forces of the whole silo in this paper, which facilitates the design and the reinforcement calculation. Figure 8 shows how internal forces can be displayed by the software such as the hoop force R y , the vertical force R z , the circumferential moment M y , and the vertical moment M z at any height of the silo wall.
In order to investigate the relationship of the internal force of silo subjected to the pressures of the stored material and its temperature action, the horizontal pressure caused by the fully loaded stored material was also analyzed in this section, named as Case 4. The SOLID 95 was adopted here. Further, assumptions were made: (1) the reinforcements in the silo were neglected in the model; (2) the boundary condition of the silo at the bottom end was assumed to be a consolidation; (3) the friction of the stored material on the wall was neglected in the analyses [29, 30] . Furthermore, at the top of stored material or at a distance s m below the center gravity of the silo, the pressures of the stored material pressures h imposed on the unit area of the silo wall should be calculated as Figures 9 and 10 against wall height, respectively. It can be seen that R z is close to zero along the silo wall in both cases, which can be neglected. Overall, internal forces of Case 2 are greater than those of Case 3 at the occurrence of maximum negative temperature difference (Δ , ). Because the overall temperature decline of case 3 is significant than that of Case 2, R y of Case 3 at the bottom of the silo is larger than that of Case 2 (see Figure 9 (a)). Since the prestressed and nonprestressed steel bars of this section are sufficient to resist internal forces, internal forces of Case 3 at Δ , were not be considered in the design. Hence, it can be concluded that Case 2 is more severe than Case 3.
Bending moments of Case 3 are negative along the height of the silo wall at the occurrence of maximum positive temperature difference (Δ , ) (see Figure 10 ). Reinforcements inside of the concrete wall are configured symmetrically, and they are subjected to a large solar radiation intensity; it is necessary to consider large negative bending moments induced by large temperature differences because an excessive tensile stress of the inner surface could lead to cracking of the inner wall in case of the empty silo.
A comparison was made between Case 2 and Case 4. It can be seen from Figure 9 that R y generated by the stored material is relatively large in the region of above 5 m of the silo wall, where R y generated by the temperature differences in that region can be neglected. The silo wall is only subjected to M y generated by the temperature difference; therefore, M y considering the influence of concrete creep is usually converted into an equivalent hoop force R 0 in the design [29] . Further, the distribution of hoop thermal stresses along the wall thickness is obtained with a FE calculation. It is noted here that the hoop thermal stresses consist of two parts: the first part is the uniform stresses caused by hoop force and the second part is the non-uniform stresses caused by circumferential bending moment, among which the R 0 can be obtained by integrating the non-uniform stresses in this part.
max is the ratio of the maximum R 0 considering the concrete creep to the maximum R y caused by the stored load [20, 29] . The value of max is 28.55 % in Case 2, which is much higher than the limit value of 8 % provided in GB50077-2003 [29] (see Figure 13 ).
The temperature effects in case of the full silo (defined as Case 5) were determined by using the conventional analytical method of the steady-state without considering the effects of solar radiation. The negative temperature difference obtained here is -13.50 ∘ C. Internal forces and the distribution of the temperature as well as hoop thermal stresses of Case 2 and Case 5 are shown in Figures 11 and 12 , respectively.
It can be seen from Figure 11 that internal forces of Case 5 are greater than those of Case 2. Further in Figure 12 than those with the traditional steady-state method. Because the temperature distribution obtained with transient method could reflect better the change of silo temperature with the time in whole day, the internal forces obtained with transient method are closer to the reality.
Furthermore, in order to analyze the influence of different analytical methods on numerical simulations, Case 2 was taken as the basic model; the transient and the steady-state methods were used to calculate the temperature effects when the wall thickness varying from 20 cm to 120 cm. Moreover, internal forces of the silo wall under the maximum negative temperature difference were obtained. Figure 13 shows the ratio max as a function of wall thickness with the transient and the steady-state methods, respectively. The ratios max obtained with these two methods are similar in case of the wall thickness no more than 30 cm, which is basically in accordance with the limit provided in GB50077-2003 (8 %) [29] . Once the thickness exceeds 30 cm, the ratio max exceeds the limit of 8 %. It is worth mentioning that the thicker the wall is, the larger the difference is between the ratio max obtained with the transient and the steady-state methods. When the thickness reaches 120 cm, the ration max obtained with the steady-state method reaches 60.17 %, showing an increment of 12.68 % compared with that obtained with the transient, which results in the waste of circumferential steel bars in the wall near the bottom of the silo wall. Hence, it is suggested that a transient analytical method or a nonlinear distribution of the temperature gradient is recommended for the design when the wall thickness exceeds 30 cm.
. . Parametric Study. Case 2 was defined as the basic model to investigate influenced factors of the temperature effects, which includes meteorological parameters, structural dimensions and the reference temperature. The influences of different factors on silo temperature effect were investigated by comparing the temperature difference, the hoop force R y and the circumferential moment M y when the silo is full.
. . . Meteorological Parameters. The numerical model of the silo was used to determine the temperature effects of the silos. Figures 14 and 15 present the influences of the meteorological factors on the temperature and internal forces of the silo.
The effects of the daily solar radiation on the positive temperature difference are much higher than that of the negative temperature difference and the temperature difference variations present nonlinear changes (see Figure 14(a) ). Further, it can be seen from the Figures 15(a) and 15(d) that the amount of solar radiation increases from 18.3 W/m 2 to 27.9 W/m 2 , and the increment reaches by 52.5 %. Both the R y and the M y are no more than 2.2 % of those at Δ , . Therefore, the influence of the growth of daily solar radiation on the internal forces at Δ , can be neglected. In order to analyze the influence of air temperature, the relationship between the daily temperature difference and silo temperature effects was investigated assuming the daily mean temperature as a constant. It can be seen from the Figure 14 (b) that variations of maximum temperature difference are approximately proportional to the daily temperature differences. Once the daily temperature difference increases 2.5 ∘ C, the maximum temperature changes by around 1.27 ∘ C. At the occurrence of the maximum negative temperature difference, influences of the daily temperature difference change on M y are greater than those of R y and the increments of the M y are the same for every 2.5 ∘ C increment in daily temperature difference (see Figures 15(b) and 15(e) ).
With the increase of wind speed, the concrete surface and the surrounding air convective heat transfer is accelerated. Therefore, the maximum temperature difference shows a nonlinear decline rend with the increase of wind speed (see Figure 14(c) ). The influence of wind speed on the maximum positive temperature difference is more significant than that on the maximum negative temperature difference. It can be seen from Figures . . . Dimension of Silo. The simulated results of the influence of these member size factors on temperature and the internal forces of the silo are shown in Figures 16 and 17 . Both boundary conditions of inner and outer surfaces and the thickness remain unchanged. As a result, the temperature field barely changes in function of the internal diameter and the ratio of height to diameter (see Figures 16(a) and 16(b) ). The effects of wall thickness on both the maximum positive and negative temperature differences are the same. Since the influence depth of solar radiation on temperature of silo wall is about 50 cm, the temperature difference varies nonlinearly with the increasing wall thickness (see Figure 16(c) ).
As it can be clearly seen from Figure 17 , regarding the whole silo, the internal diameter and the ratio of height to diameter has little effect on the internal forces of the silo wall under solar radiation. The thicker wall is, the larger R y is at the bottom of the silo. Although the wall thickness is different, the positions where the R y reaches zero along the height of silo wall are similar. M y increases with the increasing wall The maximum positive temperature difference
The maximum negative temperature difference
The maximum positive temperature difference
The maximum negative temperature difference Temperature difference (
The maximum negative temperature difference thickness. Between the wall thickness of 30 cm and 60 cm and for every 10 cm increment in the wall thickness, the increase of M y remains basically stable when the wall thickness is no more than 60 cm and it increases much more after the wall thickness exceeds 60 cm.
. . . Reference Temperature. Although the reference temperature has no effect on the temperature field distribution of the silo, it directly affects internal forces of the silo. Figure 18 shows the simulated results considering the reference temperature influence on the internal forces of the silo at Δ , . Accordingly, the influences of reference temperature on the internal forces are mainly concentrated in the area near the bottom of the silo. The variations amplitudes of the internal forces at the bottom of the silo are linearly proportional to the increase of the reference temperature. At a height of 10 m from the bottom of the silo, the internal forces of the silo wall are not affected by the reference temperature any more. Taking an examination of the temperature increment of every 10 ∘ C, R y at the bottom increases about 3144.70 kN/m and M y increases about 107.97 kN⋅m/m. Therefore, it is recommended that the average temperature during the construction of silo should not exceed 20 ∘ C.
Conclusions
(1) From the analysis of on-site measurements, it can be found that the temperature of the outer surface of the wall The maximum positive temperature difference
The maximum negative temperature difference The maximum positive temperature difference
The maximum negative temperature difference is mainly affected by solar radiation and air temperature. The temperature of inner surface of the empty silo affected by the inside air temperature changes insignificantly. Further, the temperature of inner surface of the test section tends to be stable when the thermal stored material load reaches the full state, and it changes within 1 ∘ C in one day. (2) The finite element simulation shows that the temperature gradient exhibits a significant nonlinearity along the wall thickness. With respect to temperature effects, the time of maximum negative temperature difference in case of the full silo is the most unfavorable. Further, the temperature gradient obtained with the steady-state method is linearly distributed along the wall thickness, while that obtained with the transient method is nonlinear. Therefore, internal forces obtained with the transient method are smaller than those obtained with the traditional steady-state method.
(3) Regarding the thickness of more than 30 centimeters, results calculated as a nonlinear distribution along the thickness of the wall are more optimized than those considered as a linear distribution. Therefore, it is suggested that a nonlinear distribution of temperature difference along the thickness of the wall is more practical when analyzing the temperature effects of large-diameter concrete silos.
(4) The parameter analysis shows that (1) the solar radiation and wind speed have significant influences on the positive temperature difference but a minor influence on the negative temperature difference at night; (2) there is an approximate linear relationship between the maximum temperature difference and the daily temperature difference; (3) the wall thickness has a significant influence, while the internal diameter and height-diameter ratio have an insignificant influence on the temperature effect. The maximum negative temperature difference and internal forces of the silo increase with the increasing wall thickness; (4) the higher the reference temperature is, the larger the internal The maximum positive temperature difference The maximum negative temperature difference forces are. Hence, it is suggested that the average construction temperature of the silo should not exceed 20 ∘ C.
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